We present extended x-ray absorption fine structure ͑EXAFS͒ data at the La L 2 edge in LaOCl that were recorded on the L␤ 1 fluorescence line with an analyzer energy bandwidth of 1.3 eV. We show that by taking advantage of the high-energy-resolution fluorescence detection ͑HERFD͒ it is possible to extend the energy range for L 2 EXAFS analysis beyond the L 1 edge if the sample is optically thin. The arguments presented here generally apply to fluorescence-detected absorption spectroscopy if the fluorescence lines are sufficiently separated in energy. Calculations using an atomic multiplet model show that intensity due to 2p4d multipleelectron excitations is reduced in HERFD spectra. The technique has the potential of considerably improving EXAFS analyses at low energies ͑Ͻ10 keV͒ when absorption edges lie within a few hundred electron volts.
INTRODUCTION
The extended x-ray absorption fine structure ͑EXAFS͒ bears information on the local coordination of the x-ray absorbing atom. 1 EXAFS arises from the scattering of a photoexcited electron wave with momentum k = ͱ ប − ͉E 0 ͉ off the coordination shells around the central atom with threshold energy E 0 . Quantitative information can be extracted by fitting the oscillations in the EXAFS fine structure function ͑k͒ using the EXAFS formula 2
with the many-body amplitude reduction factor S 0 2 , the number of neighbors N j in shell j, the backscattering amplitude F j , the distance to the x-ray absorbing atom R j , and a phase shift ␦ j . The oscillations are dampened by two exponential factors. One accounts for the mean-squared fluctuation in R j due to structural disorder and thermal effects and is described by the EXAFS Debye-Waller factor j 2 . The second exponential factor includes inelastic losses of the outgoing electron as well as the finite lifetime of the core-hole excited state. The two effects are lumped together in the effective mean free path ͑k͒ that increases monotonically with increasing k in the EXAFS range in accordance with the "universal" mean-free-path curve of an electron beam in matter.
The maximum number of free parameters that is available to fit an EXAFS spectrum depends on the range of electron momentum ⌬k ͑Ref. 3͒: number of free parameters = 2⌬k⌬R + 2. ͑2͒
The radius interval ⌬R determines how many shells around the central atom are included in the EXAFS analysis and thus how many parameters need to be fitted. It is thus desirable to record a large range of electron momentum ⌬k for an accurate fitting up to high-coordination shells. The available k range is limited by the dampening of the oscillations due to structural disorder ͑EXAFS Debye-Waller factor͒ and by the finite mean free path of the scattered electron. The k range can also be limited by additional absorption edges in the EXAFS range due to ͑a͒ another element present in the sample or ͑b͒ another core-hole state of the central atom. We deal in this paper with case ͑b͒ but many arguments presented here also apply to ͑a͒. EXAFS in rare earths is measured at either the L or K edge. The energy broadening from the short 1s core hole lifetime ͓e.g., La: 14.1 eV ͑Ref. 4͔͒ strongly dampens the EXAFS oscillations at the K edge. Performing the measurements at low temperatures partly remedies this dampening by reducing the EXAFS Debye-Waller factor. However, temperature is not an adjustable parameter in many in situ applications-e.g., in catalysis. A deconvolution procedure was applied in other studies to remove the lifetime broadening and/or a large k range was used at the K edge. 5, 6 But an EXAFS fitting beyond the first-coordination shell proved difficult with the sample kept above the Debye temperature. In particular, for dilute samples the data quality is poor at high k ͑Ref. 7͒ and alternative techniques are desirable.
The L edge has the advantage of a longer core-hole lifetime ͑La: 3.4 eV͒ but the EXAFS energy range at, e.g., the L 3 edge that can be used for an EXAFS analysis is limited by the L 2 edge ͑Fig. 1͒. Another difficulty arises from multipleelectron excitations, in particular 4d to 5d shake-up transitions that occur in the L-edge EXAFS and often hamper a detailed analysis. 8, 9 We present a technique to record EXAFS spectra at the L edge of rare earths that ͑i͒ discriminates against unwanted edges in the EXAFS region and ͑ii͒ suppresses intensity due to multiple-electron excitations.
The technique is based on detection of x-ray L fluorescence with a high-energy-resolution analyzer. Fluorescencedetected absorption spectroscopy is often carried out using energy-dispersive solid-state ͑e.g., Ge͒ detectors with an energy resolution ⌬E / E of about 0.05. It is possible to improve the resolution by a factor of Ͼ100 by using an x-ray analyzer based on perfect crystal Bragg optics. The small energy bandwidth yields distinct fluorescence lines for different decay channels. High-energy-resolution fluorescence detection ͑HERFD͒ with an energy bandwidth similar to the core-hole lifetime broadening is less efficient due to the loss in solid angle. This technique therefore requires an intense, tunable x-ray source as available at third-generation synchrotron radiation facilities.
EXPERIMENT
We performed the experiments at the undulator beamline 18ID BioCAT of the Advanced Photon Source at Argonne National Laboratory. 10 The incident energy was selected by means of a liquid-nitrogen-cooled Si͑111͒ double-crystal monochromator. Higher harmonics were suppressed by a focusing mirror, and the beam size on the sample was 1 mm horizontal by 1.4 mm vertical with a total flux on the order of 10 13 photons/ sec. We used an analyzer that employs the ͑331͒ Bragg plane of one spherically bent ͑R = 860 mm͒ Ge wafer with 89 mm diameter. A 1.3 eV energy bandwidth of the crystal analyzer was determined at 5040 eV by measuring the elastic peak and assuming theoretical broadening of the Si͑111͒ monochromator ͑0.8 eV͒.
As a model system we chose La in polycrystalline LaOCl, which is an important catalytic material and is actively studied for, e.g., the destruction of chlorinated hydrocarbons. 11, 12 The LaOCl sample was crushed to a fine powder and appropriately diluted with BN.
The data reduction ͑pre-and post-edge fitting, atomic background subtraction͒ was performed using the IFEFFIT engine. 13 The Rbkg value was set such that none of the lowfrequency peaks in the Fourier-transformed spectrum was suppressed. Below this value, the EXAFS oscillations in k space in the present case are independent of the Rbkg value. EXAFS fitting was performed using EXCURVE98. 14 Figure 1 shows a simplified energy scheme for the L absorption edges and the strongest radiative decay channels to final-state configurations with a hole in the M shell. The respective excitation energies, decay energies, and crucial energy differences are given for selected elements in Table I ͑Ref. ͓4͔͒. The La electron configuration in the ionic limit ͑La 3+ ͒ for LaOCl is that of Xe with an empty 5d shell. Experimental spectra for the La absorption L edges recorded in transmission mode and the L␤ 1 paring the two spectra. HERFD-absorption-like spectra can be recorded by tuning the emission spectrometer to the maximum fluorescence intensity of the L␤ 1 emission line and scanning the incident energy through the L 2 absorption. The L␤ 1 emission line intensity only depends on the probability of a 2p 1/2 ͑L 2 ͒ core-hole creation. It is therefore possible to record L 2 EXAFS spectra that extend beyond the L 1 edge with a large k range. However, when the incident energy is tuned above the L 1 edge another interaction channel for the incoming photons becomes possible. As a result, the L␤ 1 line intensity decreases. The fluorescence intensity I f normalized to the incident x-ray intensity I 0 is related to the total absorption tot of the sample ͑with thickness d͒ and the absorption of interest ͑Ref. 1͒:
RESULTS
I f I 0 ϰ ͑E͒ tot ͑E͒ sin + tot ͑E f ͒ sin ͭ 1 − exp ͫ − ͩ tot ͑E͒ sin + tot ͑E f ͒ sin ͪdͬͮ.
͑3͒
The incident and fluorescence energies are denoted E and E f , respectively. The angles and describe the orientation of the sample surface to the incoming and outgoing x-ray beams, respectively. For
La ͑E͒-i.e., the "clean" La L 2 absorption-and
La ͑E͒ + L 1 La ͑E͒ + other includes the absorption of all La edges as well as all other elements present in the sample. A HERFD absorption scan detected in the L␤ 1 emission line of a concentrated sample therefore exhibits a drop in intensity at the L 1 edge. By making the sample optically thin only the first-order expansion term of the exponential function contributes. The angular-dependent terms cancel in this case and the fluorescence signal I f becomes proportional to ͑E͒.
We note that this is the standard requirement for conventional fluorescence-detected absorption spectroscopy to avoid thickness effects. For the present case, the drop in I f due to the La L 1 edge can be reduced by diluting the sample until it is sufficiently smaller than the EXAFS oscillations. We note, furthermore, that the same argument applies to systems where the EXAFS range of interest is limited by the edge of another element in the sample.
We compare conventional ͑transmission͒ absorption spectra to the high-resolution spectra in Fig. 3 The sharpening of the x-ray absorption near-edge spectroscopy ͑XANES͒ features has been reported before. 15, 16 The feature at about −6 eV relative incident energy arises from a 2p to 4f quadrupole transition that is only revealed in the high-resolution data. This feature was reported before by, e.g., Journal et al. at the L 3 edge of single-crystalline LaF 3 and Dallera et al. in Yb systems. 17, 18 We performed calculations of the absorption fine structure with the FEFF 8.2 code 19 using the published LaOCl crystal structure. 20, 21 The space group is P4/nmm, and the unit vectors were corrected using the results from powder diffraction data that were taken on the present sample. The radius for self-consistent-field ͑SCF͒ calculations was set to 4.2 Å. Full multiple-scattering ͑FMS͒ calculations were included for the XANES simulations with a radius of 5.25 Å. Increasing these values did not yield better results. By evaluating the calculated and experimental spectra for the 2p to 5d resonance we adjusted the La L 2 core-hole lifetime broadening from the reported value of 3.7 eV ͑Ref. 4͒ to 0.7 eV for the HERFD spectra. Additionally, a 0.8 eV broadening was applied to account for the instrumental energy bandwidth and a global 2 = 0.006 was used. The FEFF 8.2 calculations give a very good simulation of the experimental XANES region. The experimentally observed sharpening of the XANES features is reproduced. We were, however, not able to reproduce the 2p to 4f excitations below the main edge by including quadrupole transitions in the calculations.
In Figs. 4͑b͒-4͑d͒ , L␤ 1 -detected EXAFS spectra are compared for different concentrations of LaOCl in BN. Also shown is the L 3 transmission spectrum ͓Fig. 4͑a͔͒. The intensity drop due to the L 1 edge at k =10 Å −1 disappears for dilutions that give 10% of the fluorescence signal as compared to the concentrated sample. The La concentration in this sample is 0.9 wt %. The total data acquisition time was 150 min for the most dilute sample with 10 000 counts/ sec in the EXAFS region. We note that HERFD absorption spectra are virtually background free. The samples for Figs. 4͑b͒ and 4͑c͒ also give saturated XANES features ͑not shown here͒. The calculated EXAFS oscillations match the experimental spectrum rather well below and above the L 1 edge ͓Fig. 4͑d͔͒. However, a discrepancy is observed at k =10 Å −1 which corresponds to the position of the L 1 edge. The intensity does not follow the oscillations but an additional decay channel appears to feed into the L␤ 1 fluorescence intensity. This point will be addressed in the discussion section.
We show a comparison of the Fourier transform for the conventional L 3 absorption data with the high-resolution L␤ 1 -detected L 2 absorption spectrum in Fig. 5 . The amplitudes, in particular of the peak due to La-La scattering, is greatly enhanced in the high-resolution spectra. Distinct peaks with amplitudes significantly above the background are visible in the HERFD data up to 4 Å. Using ⌬R = 2.42 Å ͑1.7-4.12 Å͒ and ⌬k =6 Å −1 ͑4-10 Å −1 ͒ for the transmission and ⌬k =10 Å −1 ͑4-14 Å −1 ͒ for the HERFD spectrum in Eq. ͑1͒ we obtain 11 and 17 as the maximum number of independent parameters for the transmission and HERFD EXAFS analysis, respectively.
The HERFD EXAFS data were fitted between 1.7 and 4.12 Å ͑Table II, Fig. 6͒ . The coordination numbers were kept at fixed values corresponding to the tetragonal P4/nmm LaOCl structure that was clearly identified in the XRD studies. Distances, EXAFS Debye-Waller factors, and the threshold energy E 0 were the only parameters that were allowed to vary. The crystallographic distances are reproduced in the fit within 0.02 Å.
We now turn to multiple-electron excitations ͑MEE's͒ and argue that their intensity is suppressed in HERFD absorption spectroscopy. In experiments, the 2p4d MEE's have been observed in rare earths, in particular at their X-MCD spectra. 22 A simplified energy scheme is shown in Fig. 7 . We denote the emission line arising from the 4d to 5d shake-up state LN␤ 1 . An estimate using self-consistent field Hartree- 1 ͒ was taken from experiment and the energy differences between the oneelectron and the shake-up transition were taken from reported values. 24 A Z + 1 model was invoked to account for the core hole and the aforementioned 1 eV difference between L␤ 1 and LN␤ 1 was included. The mixing strength was set such that the shake-up resonance has ϳ1% of the L 2 2p to 5d transition intensity. The values of the Slater integrals were scaled down to 90% of their atomic values. 25 The calculations in Fig. 7 show that the shake-up final states are spread over ϳ10 eV which is considerably larger than the energy window defined by the analyzer energy bandwidth. ͑We note that upon resonant excitation the line width of the emission lines representing the final states is not determined by the 2p 1/2 core hole lifetime but by the instrumental energy bandwidth and the 3d core hole lifetime ͓ϳ0.6 eV ͑Ref. ͓4͔͔͒.͒ This considerable spread in the finalstate energy is mainly due to the electron-electron Coulomb interactions as expressed in the Slater integrals F 2,4 ͑3d ,4d͒ with values between 5 and 10 eV. The 4d core hole that is created in the shake-up process thus strongly interacts with 3d core hole in the final state of the fluorescence transition. This interaction is absent in the single-electron L␤ 1 transition. As a result, the intensity of the 4d to 5d shake-up structure is reduced in the HERFD absorption spectrum as compared to the transmission spectrum because in the latter the intensity of all shake-up states is included. Reexamining Fig.  4 and comparing the transmission spectrum ͑a͒ with the HERFD spectra ͑b͒-͑d͒ we do not find any evidence for multiple-electron excitations. This suggests that their intensity is too low or that they are too broad to be detected as a separate entity.
DISCUSSION
The EXAFS data for different concentrations of LaOCl in BN demonstrate that it is possible to suppress the influence of unwanted absorption cross sections ͓cf. Eq. ͑3͔͒. It is in general not important whether the unwanted edge arises from the same or a different element in the sample. The restriction of using optically thin samples generally applies to fluorescence detected absorption spectroscopy and is thus not characteristic for the new technique presented here. Since fluorescence detected absorption spectroscopy was developed in order to be able to measure EXAFS in dilute systems, HERFD EXAFS does not introduce additional constraints in terms of sample preparation.
However, a discontinuity occurs in the present case at k =10 Å −1 , which corresponds to the La L 1 edge, even for dilute samples. One possible explanation for this deviation from the EXAFS oscillations is that a radiative 2s → 2p 1/2 → 3d 3/2 cascade decay contributes to the L␤ 1 intensity above the L 1 edge ͑cf. Fig. 1͒ . Another explanation could be that the L␤ 1 and L␤ 4 lines ͑cf. In future experiments this can be tested by using the L␣ 1 2p 3/2 to 3d 5/2 emission line that is sufficiently separated from all other emission lines. Furthermore, a radiative 2p 1/2 → 2p 3/2 → 3d 3/2 cascade decay that would feed into the L␣ 1 emission line intensity is electric dipole forbidden. A non radiative 2p 1/2 2p 3/2 Coster-Kronig decay leads to doubly ionized states and thus different fluorescence energies.
The EXAFS oscillations above k =10 Å −1 nicely match the calculated data ͓cf. Fig. 4͑d͔͒ . While the discrepancy at k =10 Å −1 hampers a detailed EXAFS analysis, we still obtain the correct interatomic distances up to 4.1 Å. This presents already a notable improvement over conventional techniques, in particular for dilute systems that are difficult or impossible to measure in transmission at the K edge.
The atomic multiplet calculations demonstrate the mechanism for suppression of intensity due to multielectron excitations. The importance of two-electron interactions ͑Slater integrals͒ in inner-shell spectroscopy is well documented, 26, 27 and the calculated and empirically scaled 25 line splittings usually match the experimental spectra to better than 20%. We thus expect an observable suppression of the shake-up transitions in the HERFD EXAFS. A more quantitative prediction for the reduction of shake-up intensity in the EXAFS requires extensive many-configuration calculations that are beyond the scope of the present study.
Comparing the transmission with high-resolution fluorescence detected spectrum ͓Figs. 4͑a͒ and 4͑d͔͒ we do not find any evidence for multielectron excitations. This is confirmed by the FEFF calculations. The weak feature at k ϳ 5.4 Å −1 in the experimental spectra ͑multiple-electron features have been observed at k = 5.6 Å −1 ͒ also appears as a weak shoulder in the calculations. Furthermore, the intensity of this feature does not change between the transmission and HERFD spectrum.
We have thus introduced an additional tool to investigate multielectron excitations in absorption spectroscopy. The fact that we do not find shake up features in LaOCl even in the conventional transmission spectrum may be due the properties of the present system and does not question the existence of these features in other systems. Shake-up transitions have been observed, for example, in rare-earth-doped silica gels. 9 Returning to the elements in Table I , we observe that throughout the rare-earth series the accessible energy ranges increase and that for Yb, the L 3 range of over 1000 eV is enough for good EXAFS spectra. Setting the limit at 700 eV, the heavy rare earths ͑beyond Gd͒ are accessible with normal EXAFS at the L 3 edge. The early rare earths, La-Gd, would benefit most from range extended EXAFS.
In addition, we observe that short-edge energy ranges are found in particular for silver. Even shorter ranges occur for Pd and the earlier 4d elements. These energy ranges are too short for any detailed EXAFS analysis, but range-extended EXAFS promises also for 4d elements to allow EXAFS analysis of their L edges. This would greatly enhance the importance of these edges, beyond their usage for XANES analysis.
Finally, the choice of the radiative decay channel ͑LM emission; cf. Table I͒ for fluorescence detection depends on the availability of suitable crystal analyzers as well as possible intermediate electronic transitions, as we might have observed in the present case, which could give rise to non-EXAFS features in the absorption spectra.
SUMMARY AND CONCLUSIONS
We have performed L␤ 1 -detected high-energy-resolution ͑1.3 eV͒ fluorescence-detected EXAFS at the L 2 edge of La for a dilute LaOCl sample beyond the onset of the L 1 edge. Our arguments with respect to the elimination of secondary edges in the EXAFS range generally apply to fluorescence detected absorption spectroscopy. We have furthermore shown within an atomic multiplet model that intensity due to shake-up transitions is suppressed using the high-energyresolution spectroscopy.
The technique can be applied to many systems with unwanted absorption edges in the EXAFS range of interest. The HERFD technique is, like conventional fluorescencedetected absorption spectroscopy, limited to optically thin samples that yield low count rates. The efficiency of the emission spectrometer can be increased considerably by enlarging the captured solid angle ͑multicrystal spectrometer͒. 28 Depending on the energy separation between the fluorescence lines for different decay channels one can also increase the spectrometer efficiency by sacrificing energy resolution. Thus, various improvements are possible and high-energy-resolution fluorescence detection has the potential of becoming a standard tool that complements existing techniques of absorption spectroscopy.
